Abstract
assuming that any pipe in the system can be uniquely isolated, which is impractical for real 53 application.
54
Our work contributes to previous works by: (i) allowing only existing valves to be closed, 
115
The outcome of the first step is the subgraphG main which is the center node of the star -116 topology and will connect all sub-networks to the water sources.
117
Graph decomposition
118
The next step is to decompose the rest of the network, G[N \Ñ main ], into sub-graphs such 119 that each sub-graph is within a specified size range, has a connection to the source, has a 120 minimum number of inter-connecting links, i.e. small edge-cut size, and all inter-connecting 
is the set of nodes belonging to the subgraph, G i . Given the minimum and maximum 129 desired total demands, d and d, respectively, check if: subgraph is refined to have only valves in its edge-cut.
140
The outcome of this step is a star-configuration of the water network based solely on topo-141 logical properties, whereG main and G m , m = 1, · · · , K, are main and the sub-networks 142 of the full water system and all inter-connections between the sub-networks are valves, For each node i ∈ N in the network, the conservation of water is written as:
where q k is the flow in link k, E i,in and E i,out are the links coming in and out of the node i,
155
and d i is the nodal demand.
156
Then for each link k ∈ E the conservation of hydraulic energy is written as:
where H i , H j are the hydraulic head at the start and end nodes i, j ∈ N , respectively, and 158 h k is the head loss or gain of the hydraulic element. For network pipes, the headloss is a 159 monotonically increasing power function of the flow rate that can be estimated using the
160
Hazen-Williams model 27 as:
where R k is the pipe's roughness coefficient, α = 1.852, and E p is the set of pipes. 
where a 1k , a 0k are a function of selected operating point q as shown in Figure 1 
For each boundary valve in the edge-cut k ∈ E cut-M , that can be closed, we modify Eq. 
where u k is a continuous variable representing head difference between disconnected nodes, number, and E cut-M is the set of boundary valves.
187
The set of equations in (6) is reduced to two cases:
valve is closed, the flow rate is zero, q k = 0, and the head difference between the two adjacent 189 nodes is a real-valued number and (ii) 
191
Given a star-topology with inter-connecting valves, the problem is to find the largest subset
193
of valves that can be closed such pressures are maintained above a desired minimum value.
194
Combining Eqs. (1)- (6), the following LP problem is formulated:
where 4. Water age (WA) -water age is an indicator for water quality and is also used to 220 evaluate network performance.
221
Physical surrogate measures 222 1. Resilience index 33 -I R is a measure of excess system power based on the power loss 223 in a system and can be computed as:
where P loss is the actual power loss in the network and P 
where
where P adj loss is the modified actual power loss in the network adjusted to pipe diameters,
231
D is pipe diameter, |k| is the number of pipes connected at node i, and to the maximum possible number of loops in a planar graph:
where m is the number of links and n is the number of nodes in the graph. This is a 239 surrogate metric of path redundancy in a network. robustness and tolerance against efforts to decouple the network.
246
Network reconfiguration schemes and suggested performance analysis are demonstrated 247 in Figure 2 in the SI using an illustrative example adopted from Alperovits and Shamir 38 .
248
Applications and results
249
The suggested approach was applied to two large-scale water networks -EXNet 39 and BWS-250 NII 40 . We randomly added valves to both networks to test our approach, as the original Table 1 in columns six and seven. direct connection to the transmission mains.
275
The BWSNII was partitioned into 36 sub-networks with 206 boundary valves. The layout 276 of the BWSNII network, its transmission mains, and sub-networks are shown in Figure 2 .
277
As previously, all sub-networks are within the desired demand range and all have a direct 278 connection to the transmission mains. linearization is given in Figure 1 is significantly reduced after the optimization followed by a reduction in the average pressures 308 in the system, although still above the minimum required. The average water age for each 309 sub-network is reported in Table 2 in the SI, however, no apparent changes were observed 310 between the full and reduced models for this network. Figure 3 in the SI demonstrates the 311 pressure distribution in the network before (black-white) and after (blue) reconfiguration.
312
As expected, the distribution of pressures is shifted to lower values after closing additional 313 valves, since the energy losses in the system increase. In this paper, we introduce a practical and efficient approach for flexible water network 329 reconfiguration facilitating water loss control and pressure management. In our approach,
330
the network reconfiguration problem combines graph theory algorithms and is formulated as 331 a LP problem, which is efficiently solved for large-scale networks. We examine the resiliency 332 and robustness of different reconfiguration schemes based on common resiliency measures.
333
Our results demonstrate the benefits and disadvantages from network decentralization. The 334 presented approach provides a decision support tool for water utilities facilitating in infras-335 tructure management.
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